The static structure factor of electrons in fullerene has been obtained by a properly designed x-ray diffraction experiment. Due to the intense diffuse scattering caused by the orientational disorder of the C 60 molecules in fullerene, the experiment presented several difficulties. Nonetheless, the data were accurate enough to provide an estimate of the exchange-correlation energy and to make a valuable comparison of the static structure factors of fullerene and diamond. The observed value of the exchange-correlation energy, which is larger in fullerene than in diamond, suggests a clear link between carbon polymorphism and dynamic electron correlations. The experimental data of static structure factor of fullerene, together with the derived exchangecorrelation contribution to the cohesion and the pair-correlation function, offer an interesting test on the validity of the local-density treatment of the electron correlations in solids.
I. INTRODUCTION
Experimental data on the ground-state energy of an elemental crystal can be obtained from a complete x-ray scattering study of the system, namely, a Bragg diffraction experiment ͑coherent contribution͒ coupled to the measurement of the energy-integrated incoherent ͑Compton͒ cross section. The relationship between the ground-state energy and the cross section of the scattering process in a crystal was discussed in Ref. 1 under a nonrelativistic treatment of the coupled electron-photon system, and for photon energies restricted to the x-ray range. Specifically, x-ray scattering measurements enable us to distinguish between static and dynamic contributions to the total energy of the crystal ground state.
1,2 Static contributions, that is, the electron-electron Hartree energy and the electron-nucleus interaction energy, depend on the charge density and can be obtained by accurate Bragg diffraction experiments 2 where the structure factors of the crystal, that is, the series coefficients of the electron-density expansion in the Fourier lattice series, are measured. On the contrary, the dynamic contribution to the electron-electron interaction energy, that is, the exchangecorrelation energy, is provided by the measurement of the incoherent or non-Bragg signal.
1,2
The incoherent cross section is proportional to the electronic static-structure factor S͑Q͒, which, in turn, is related to the exchange-correlation energy per atom through
Q being the exchanged wave vector and Z the atomic number of the system. The function S͑Q͒ is also usefully written as the Fourier transform of the density-weighted two-body correlation function g͑r , rЈ͒ which describes, in real space, the dynamic correlations between pairs of interacting electrons and, given the purely two-body nature of the Coulomb interaction, it fully accounts for the collective behavior of the many-electron system. The fundamental role of the paircorrelation function has been enlightened by the densityfunctional theory 3 ͑DFT͒ where the exchange-correlation energy is conveniently viewed as the interaction between an electron and the charge of its Fermi-Coulomb hole.
Considering that the quantitative account of the electron correlations in many-electron systems still represents a challenge, and that the most striking properties of real solids are poorly or not at all accounted for by single-particle schemes, access to experimental data on fundamental ground state observables, like total energy and pair-correlation function, should be taken as highly valuable. Moreover, x-ray scattering experiments enable us to distinguish the solid-state dependences of conduction-electron density and paircorrelation function, against the continuous and isotropic scheme of the homogeneous interacting electron gas model. 3 This feature is of special relevance when assessing the validity of the local density approximation ͑LDA͒ to the DFT. Indeed, the LDA exploits the homogeneous interacting electron gas as a reference system for local modeling of the density-dependent energy E xc in the solid.
The suitability of incoherent scattering of x rays as a sensitive tool of the electron-electron correlations has been demonstrated by experiments in light elemental crystals, namely, Be, 4 Al, 5 Si, 6 C in the diamond phase, 7 and more recently, LiF. 8 Extended sets of pair-correlation-function data were obtained for the three prototypical systems, namely, metallic Be, 4 the covalent-bond insulator C ͑diamond͒, 7 and the ionicbond insulator LiF. 8 The experimental results clarified the role of the electron-density distribution either in determining the size of the Fermi-Coulomb hole surrounding each electron or in bringing about the binding in the solid. Measured widths of the Fermi-Coulomb hole turned out to be ϳ0.6 Å in diamond and LiF, whereas a value of ϳ0.9 Å was observed in Be. Moreover, it was found that the cohesive energy is dominated by the exchange-correlation contribution in Be and diamond, whereas only a 50% contribution resulted in LiF, the remaining 50% of the cohesive energy being due to the one-electron-density deformation. Quite surprisingly, and contrary to the simple expectation about a jellium model working properly in simple metals only, the paircorrelation functions, and hence the dynamic correlations among valence electrons, were found to be rather well described by the jellium model not only in Be but also in insulating diamond. The effects of the one-electron density inhomogeneity, negligible in Be and diamond, were remarkable in LiF where the experimental static structure factor of the valence electrons showed clear differences from the homogeneous interacting electron gas at the corresponding density. The experimental data in LiF were, however, well reproduced by an electron-density-weighted average of the pair-correlation functions of the homogeneous electron gas. This result could be possibly taken as experimental evidence of the capability of LDA-based prescriptions to describe the electron correlations in an ionic system, highly nonhomogeneous, like LiF.
The circumstance that only a limited number of crystalline systems was investigated can be partly explained by the technical requirements which accompany this difficult kind of x-ray experiment. First of all, a good-quality single-crystal sample is necessary for an accurate definition of the path in the reciprocal lattice. Indeed, the path should avoid as many Bragg points as possible and should be traced starting from any high-symmetry direction. Since crossing a Bragg point would obscure completely the sought-for incoherent signal, a relatively simple crystallographic structure of the sample is welcome. The availability of a good-quality single crystal can be additionally exploited for the ordinary Braggdiffraction study, leading to the knowledge of the charge density and hence of the Hartree contribution to the total energy. A further constraint, which prevents the study of heavy elements, is represented by the considerable increase of the photoabsorption cross section with an increase of the atomic number. However, confining the experiments to light elements, which have a relatively small fraction of core electrons, enables us to more easily obtain the valence-electron contribution to the pair-correlation function. An additional limitation to these experiments comes from the thermalnuclear motion whose unavoidable contribution to the scattering has to be subtracted. Therefore, experiments are better carried out in systems characterized by a high Debye temperature. A good example is diamond, whose high Debye temperature made the corrections for thermal diffuse scattering ͑TDS͒ fairly small.
Diamond also has a special meaning as one of the ordered allotropes of carbon, besides graphite and the archetypical fullerene C 60 . The variety of coordination that carbon can sustain, namely, the diamondlike sp 3 , the graphitelike sp 2 , and even sp, makes it a system with unique characteristics. The investigation of the carbon allotropes, in particular carbon fullerenes as well as carbon nanotubes, is a research topic receiving considerable attention both at a fundamental physics level 9 and for potential applications as nanoscale devices and biosensors. 10 Carbon fullerenes, other than being characterized by an extremely high symmetry, exhibit a huge variety of physical properties ranging from superconductivity to ferromagnetism. Taking advantage of the already available data on diamond, we believe that the x-ray incoherent scattering investigation of the carbon allotropes, graphite and fullerene C 60 , would emphasize the role of the dynamicelectron correlations on the stability of the ground state for the different sp 3 and sp 2 hybridization states and, correspondingly, crystal structures. In insulating diamond, the crystal stability is largely ensured by the exchangecorrelation contribution to the cohesive energy, which amounts to ϳ4.4± 0.2 eV/ atom 7 against the electrostatic Hartree contribution 2 equal to 1.6± 0.2 eV/ atom. The investigation of graphite and fullerene, aimed at identifying possible changes of S͑Q͒, and hence of E xc and g͑r , rЈ͒, with respect to diamond, would help in clarifying the role of the exchange-correlation energy on the carbon polymorphism.
With the exception of diamond, all the carbon allotropes are far from being optimal samples for the proposed x-ray investigation. The preferred candidate was fullerene C 60 for which good-quality crystals can be grown. However, remarkable experimental difficulties were expected also with this sample because of the intrinsic molecular orientational disorder of the C 60 units, which causes an intense diffusescattering contribution, potentially exceeding the diffusescattering term due to S͑Q͒ itself. Because of the orientational disorder, the incoherent x-ray scattering experiment was at the limit of the technical performances and the demand for accuracy was extremely high. Considerable help came from the existing data on diffuse scattering from disorder and TDS in fullerene, which were collected in neutron diffraction experiments. [11] [12] [13] The neutron measurements, which probe the nuclear correlations only, allowed the evaluation of the orientational disorder and TDS contributions to the electronic diffuse scattering, thus providing a proper correction of the experimental x-ray data for these effects. The incoherent x-ray-scattering experiment was confined to the study of the room temperature disordered phase of fullerene, where the effects of the orientational disorder were smoothed by the thermal motion. Indeed, the partially ordered structure appearing at a temperature below 260 K would have made the study of the diffuse scattering even more difficult.
II. EXPERIMENT AND DATA ANALYSIS
The incoherent and energy-integrated x-ray-scattering experiment in a crystalline sample provides a measurement of the differential cross section per atom
where r 0 is the classical electron radius, is a polarization factor, which is equal to 1 for the present experimental configuration, k 0 and k are the wave vectors of the incoming and outgoing photon, and 2 is the scattering angle. The validity of Eq. ͑1͒ was thoroughly discussed in Refs. 1 and 2. Here we are reminded that it is based on the assumption that an efficient integration over all the inelastic scattering events, with the energy of the diffused photon comprised within a small range around បck, is performed. Also, it holds for photon energies largely in excess of any absorption edge of the sample. The experimental cross section is proportional to the electronic static-structure factor S͑Q͒, although it contains the unwanted contributions from TDS and residual Bragg scattering, plus a diffuse-scattering term which originates from disorder. Indeed, any defect present in a crystal gives rise to a diffuse-scattering contribution, which, generally, is negligible in high-quality monoatomic single crystals. In a molecular crystal, additional diffuse scattering is brought about by the random orientation of the molecular units, and this is what occurs in fullerene, where the C 60 molecules are randomly oriented. [11] [12] [13] Because of the transition to a partially ordered structure, which takes place at T ϳ 260 K in C 60 , we preferred to carry out the x-ray measurements at room temperature. Indeed, even though the TDS is larger at room temperature, the lattice has a higher symmetry and, consequently, the number of Bragg peaks is reduced, which is a clear advantage for the measurements. The Bragg contribution must be avoided also at the level of tails, because of its intensity that is exceedingly larger than all other terms, and because of its unknown shape, which prevents a proper subtraction from the data.
The room-temperature experiment was carried out on a C 60 single crystal with a size about 1 ϫ 1.5ϫ 0.8 mm. C 60 single crystals were grown using an open-vapor transport technique. High-purity C 60 powder ͑99.9% from MER Corporation, Tucson, Arizona͒ was doubly vacuum sublimed and subsequently introduced in a multizone horizontal tube furnace whose temperature profile can be accurately prearranged ͑exposure to air of C 60 was avoided during all these operations͒. High-purity dry He was flowed through the furnace while its temperature was slowly raised to approach the C 60 sublimation temperature ͑ϳ843 K͒ and the temperature profile was set as described in Ref. 14. After 3-5 days, C 60 single crystals of millimeter size could be collected at the growth zone of the furnace. The quality of the sample selected for the present experiment was checked by x-ray Bragg diffraction and specific rocking curves and coupled ͑-2͒ scans were measured. The crystal was found to be of good quality, with ϳ0.2°mosaic spread. As an example, the rocking curve of the ͑222͒ reflection and the ͑-2͒ scan along the ͓110͔ direction are shown in Fig. 1 . The incoherent scattering data were collected using a sealed-tube diffractometer, properly adapted to measure diffuse scattering. A normal-focus Ag anode was mounted for the experiment. The energy of the Ag K␣ radiation ͑22.10 keV͒ is, indeed, higher than the K edges of carbon and high enough to minimize the absorption through the sample. Downstream the x-ray beam, a ͑002͒ pyrolitic graphite flat monochromator with 0.5°mosaic spread was employed to reduce the Bremsstrahlung and the K␤ contamination of the incoming beam. The incoming beam was vertically collimated by means of a tungsten Soller slit with 3°divergence, while the horizontal angular divergence was defined by a 0.5 mm slit inserted before the monochromator and at 100 mm from the anode. The beam size at the sample position was 1 ϫ 10 mm, with 0.6°horizontal angular divergence. A standard NaI: Tl scintillator detector coupled to a photomultiplier was used for photon collection. The energy resolution of the detector was ϳ5 keV with the energy bandwidth set from 10 to 30 keV. With the chosen setting, a good rejection of the halfwavelength contamination from the photon source, which was operated at 50 kV for the best efficiency, was achieved. To reduce the background due to air scattering, the sample was mounted inside a cylindrical vacuum chamber ͑110 mm diameter͒ equipped with a round beryllium window, thin enough ͑250 m͒ for the incident and scattered x-ray beams to go through without suffering appreciable attenuation. A Soller collimator, 100 mm long with Mo blades, 1 mm apart, and a full aperture 12ϫ 12 mm 2 , was inserted between the vacuum chamber and the photon detector.
The shape of the crystal was not regular enough to enable reliable corrections for scattering-volume effects, as required for a proper treatment of data collected along scans involving an rotation at the sample. Therefore, the sample was maintained in a fixed configuration, that is, only 2 scans in the reciprocal lattice, which correspond to constant sample volume during the scan, were possible. Each scan was executed by missetting the crystal off a known orientation and rotating the detector arm around the fixed sample. The data were collected along three different 2 scans starting from different orientations of the sample, that is, from three nonequivalent crystallographic planes. For each direction, the sample was carefully oriented to minimize the distance between the path line and the reciprocal lattice points. As an example, the path in the reciprocal lattice described by one of the scans is shown in Fig. 2 as an inset for the ͑110͒ reciprocal lattice section. As is apparent from the figure, most of the Bragg peaks were not intercepted by the prepared path line. Similar scans were carried out for the other two sample orientations, namely, the crystal was rotated by 45°and 90°around the ͓100͔ axis. Each 2 scan covered the angular range from 4°t o 60°with a 0.5°angular step, and was repeated four times to ensure at least 2% statistical accuracy on the weakest intensity points. The background was measured removing the sample and performing the same 2 scans as with the sample. Additional background measurements were carried out by substituting the sample with absorbing lead.
To obtain the electron static-structure factor S͑Q͒, the measured intensity data were first corrected for background by following the standard procedure applied to experiments of the same kind. 7, 8 As an example, in Fig. 2 the raw intensity scattered from the sample and collected along the same scan as shown in the inset, is compared with the attenuationcorrected background intensity.
Multiple scattering processes taking place inside the sample also affect the measured intensity and must be subtracted. However, this contribution, which is well represented by a very smooth and almost Q-independent function, was negligibly low for the present C 60 sample. The contamination of the intensity due to possible tails of Bragg peaks intercepting the path in the reciprocal lattice was carefully checked for each of the scans and accordingly subtracted from the data. The critical point of the data analysis was, however, the subtraction of the TDS and the diffuse contribution due to the molecular disorder. The background-free intensity was therefore corrected for the angle-dependent sample attenuation and put on absolute scale by internal normalization to the high-Q limit of the cross section, as given by
͑2͒
In Eq. ͑2͒ the static-structure factor of the solid was replaced by that of the free atom S at ͑Q͒, which is a meaningful approximation in the high-Q limit, whereas the diffuse scattering contributions due to the unknown TDS and moleculardisorder terms were accounted for by the neutron cross section as measured in Ref. 13 , properly scaled for the squared ratio of the atomic-scattering factor f͑Q͒ to the neutron-scattering length b. We remark that, since the neutron-diffraction data of Ref. 13 were collected on a powdered sample of fullerene, the approximation for the thermal and molecular-disorder diffuse contributions, as contained in Eq. ͑2͒, amounts to substituting possible directiondependences of the cross section by their spherical average. In the high-Q limit and for the normalization purposes of Eq. ͑2͒, use of the spherical average was considered quite a satisfactory approximation. The free-atom static-structure factor S at ͑Q͒ and the atomic-scattering factor f͑Q͒ were obtained from the configuration interaction calculations of Ref. 15 , which represent the best estimates presently available in literature. The experimental data collected along the three different directions in the reciprocal lattice were separately normalized and then averaged with respect to the different symmetry directions with weights given by the multiplicity. This provides a sort of spherically averaged differential cross section, from which the spherical average of the staticstructure factor, namely, S͑Q͒, could be obtained by direct subtraction of the Q-dependent spherical average of the diffuse terms as provided by the neutron-diffraction experiment. 13 The cross section obtained by direct subtraction was, however, affected by a notable residual oscillation superimposed to the expected trend. This was a clear indication that the unwanted diffuse term, although approximated at best by the neutron data at every exchanged wave vector and not only in the high-Q limit, was not efficiently subtracted with the applied procedure. To overcome the problem of the residual oscillations and to extract a clean S͑Q͒ from the measured data, we observed that the cross section is the sum of positive-defined terms. In particular, the diffuse term
͒ neu is positive defined, which implies that it does not oscillate around the zero level and that any residual oscillation would lie wholly above the expected curve of the S͑Q͒ contribution. Based on these observations, the electronic contribution was derived from the data as the set of the experimental points lying at the bottom of the intensity oscillations. This procedure offered a rationale for the selection of acceptable data and provided a new set, which was rather depleted of data over the range Q Յ 5 Å −1 , where the residual oscillations were larger. The resulting spherical average of the electronic structure factor of C 60 is plotted in Fig. 3 , which compares the experimental data with the companion results in diamond and the carbon atom. A fit to the experimental data of S͑Q͒ in C 60 was carried out by using the Gaussian-based representation
where a i and b i are free parameters of the fit with the constraint ͚ i=1 4 a i = Z. The curve resulting from the best fit of the data is also shown in Fig. 3 as a continuous line. An internal check of the reliability of the whole procedure consisted in using the fitted function S fit ͑Q͒ to derive, in turn, the effective total-diffuse contribution by direct subtraction from the measured cross section Eq. ͑1͒. The diffuse term S dis ͑Q͒ resulting from this procedure is plotted in Fig. 4 in comparison with the data measured in the neutrondiffraction experiment. 13 The overall agreement between the present indirect estimate of the diffuse term and the experimental neutron data is appreciable especially over the region of higher-Q values, that is, where the cross section is less sensitive to the details of the actual orientational disorder and the averaging procedure. This result was taken as a satisfactory check of the reliability and consistency of the present data-correction procedure.
III. DISCUSSION
The static-structure factor of the valence electrons S val ͑Q͒ was obtained by subtracting from S͑Q͒ the core contribution calculated according to Ref. 16 and shown in Fig. 3 . As already suggested by Fig. 3 , S val ͑Q͒ was found to be slightly lower in fullerene than in diamond over the low-Q region. Consequently, the contribution to the cohesive energy arising from the exchange-correlation effects was expected to be higher in fullerene than in diamond. The experimental evaluation of this energy contribution is possible only through a measurement of S͑Q͒ and exploiting the relationship
͵ ͓S at ͑Q͒ − S͑Q͔͒dQ.
͑4͒
Since S at ͑Q͒ is generally greater than S͑Q͒, the exchange and correlation contribution to the cohesive energy is positive and sizable. The contribution of the core electrons to E coh xc is negligible, therefore all the effects come from the valence-electron static-structure factor, although a decomposition into core and valence contributions is not formally exact. Because of the limited quality of the present data, mostly due to the unknown diffuse disorder terms, we did not try to derive E coh xc directly from the experimental data, which do not span the explored Q range in a continuous way, but we made use of the fitted functions S fit ͑Q͒. The use of fitted curves to carry out integrals like in Eq. ͑4͒ makes the calculation more straightforward and provides rather accurate results. This point was specifically checked applying Eq. ͑3͒ to fit the virtually exact atomic static-structure factor given in Ref. 15 . An exchange-correlation energy per atom equal −5.63± 0.02 Ry/ atom resulted from the integration of the fitted curve, which was, within the errors due to the fit, in perfect agreement with the value obtained by direct integration of the data of Ref. 15. We also note that possible errors due to a nonaccurate fitting of the static-structure factors do not significantly affect the value of E coh xc , which results from the difference between the solid and atom energies, that is, two quantities separately affected by the same error.
Making use of the curve S fit ͑Q͒ fitted to the C 60 data, an exchange-correlation energy equal to −6.27± 0.10 Ry/ atom was obtained with a corresponding contribution to the cohesive energy equal to +0.64± 0.10 Ry/ atom ͑8.7 eV/ atom͒. The latter data must be compared directly with the corresponding value in diamond, which was found to be +0.32 Ry/ atom ͑4.35 eV/ atom͒. As already suggested by the shape of S͑Q͒, the exchange-correlation energy contribution in fullerene is appreciably larger than in diamond. Unfortunately no accurate measurement of the scattering factor f͑Q͒ in fullerene is available, which prevents the evaluation of the Hartree contribution to the cohesive energy. Moreover, no experimental estimate of the cohesive energy of fullerene seems to be available. Despite the limited experimental data on the ground-state energy of fullerene, the difference between E coh xc in fullerene and diamond appears to be meaningful and it can be relevant in defining the relative stability of the two systems. The present experimental data of S val ͑Q͒ in C 60 can be interpreted within the interacting homogeneous electron-gas model. We exploited the approach developed in Ref. 17 , which is based on an accurate fit of the simulation data of Ref. 18 . By varying the electron-gas parameter r s , which is defined by r s = ͓3/͑4n 0 a B 3 ͔͒ 1/3 , n 0 being the electron density and a B the Bohr radius, we selected the r s value corresponding to the electron-gas static-structure factor, which provides the best agreement with the experimental S val ͑Q͒ in fullerene, namely, r s = 0.99± 0.05. In Fig. 5 the experimental S val ͑Q͒ are compared with the static-structure factor of the electron gas as resulting from the best-fit choice r s = 0.99. We remark that r s = 0.99 corresponds to an average valenceelectron density significantly larger than that associated to the actual average fullerene density, which is consistent with r s = 1.47. These values should be compared with the companion data in diamond, 7 where r s = 1.2 resulted from the fit based on the electron-gas model against 1.32 from the average diamond density. The results of the electron-gas model seem to indicate a higher degree of electron localization in C 60 fullerene than in diamond, that is, the C 60 spheres behave like rather a compact structure if compared with the relatively open structure of diamond. The rather high value of the average valence-electron density in C 60 is consistent with an electron distribution that is peaked inside a layer around the fullerene and decreasingly low in the interstitial region.
The analysis of the static-structure factor based on the model of the homogeneous interacting electron gas 17, 18 can be expanded by following a density-functional approach to the interacting electron system within either the LDA or beyond-LDA schemes. Indeed, the static-structure factor was written as
where S h ͓Q ; n͑r͔͒ is the static-structure factor of the homogeneous electron system with density n͑r͒ and w͓Q ; n͑r͔͒ is an appropriate weight function that depends on Q and n͑r͒. The integral is over the atomic volume ⍀ 0 . The usual LDA scheme for the exchange-correlation potential is recovered for the choice w͓Q;n͑r͔͒ = n͑r͒.
We observe that the LDA prescription provides a staticstructure factor which has the correct behavior in the limit Q → ϱ, although it fails in satisfying the low-momentum sum rule
where p 2 =4e 2 Z / ͑m⍀ 0 ͒ is the unperturbed plasma frequency associated to free electronlike oscillations of the valence electrons. The value used here for the reference frequency p is that appropriate to the homogeneous electron gas with density equal to the average density Z / ⍀ 0 of the valence electrons in C 60 . We observe that the plasma frequency appearing in the long-wavelength sum rule represents the Q → 0 limiting value of the plasmon dispersion under a random phase approximation ͑RPA͒ treatment of the homogeneous electron gas. The validity of the sum rule on the static-structure factor S͑Q͒, which is the energy integral of the dynamic-response function S͑Q , ͒, stems from the assumption that in the long-wavelength limit the response function is dominated by the contribution of almost undamped plasmons over quasiparticle excitations. 19 This assumption, which applies correctly to the electron liquid, can be extended to the case of valence electrons in solids whenever the plasma frequency is higher than both the maximum frequency associated to interband transitions and the frequency related to the energy gap. In the present context, however, the frequency p should not be related to the plasmon features of the excitation spectrum as measured in C 60 fullerenes. 20 In the limit Q → 0, a simple and appropriate expression for the weight function would be
Therefore, a sensible approximation to w͓Q ; n͑r͔͒, which were valid at every Q while providing the correct low-Q and high-Q limiting behavior, would be
which is correct also in the case of the homogeneous electron system. In Eq. ͑6͒, ␣ is a constant and k F = k F ͓n͑r͔͒ is the Fermi wave vector, which is calculated in each point by using the corresponding local-valence electron density according to the LDA prescription. We applied Eq. ͑5͒ to model the static-structure factor of valence electrons in fullerene, under both the LDA prescription and the scheme beyond-LDA as provided by Eq. ͑6͒. In the latter case, the ␣ constant was determined by fitting S w ͑Q͒ to the diamond data 7 and the resulting value, namely, ␣ ϭ 0.45, was held fixed in the calculation of S w ͑Q͒ for fullerene. The electron density n͑r͒ in both fullerene and diamond was modeled by the appropriate superpositions of the free-carbon-atom electron densities, as given by the relativistic Hartree-Fock calculations of Ref.
21.
The so-calculated static-structure factors are shown in Fig. 5 , where it is evident the close similarity between the electron-gas analysis 17, 18 and the calculation beyond-LDA, whereas the LDA approach strikingly fails in modeling the experimental data of C 60 . To complement the information obtained in the momentum space, in the inset of Fig. 5 we show the pair-correlation function as calculated in the homogeneous electron-gas scheme at the electron density corresponding to the best fit of the S val ͑Q͒ in fullerene ͑r s = 0.99͒. The same function, as obtained in diamond, is also shown for comparison purposes. We observe that the pair-correlation function in diamond has quite a similar shape to that of fullerene, although the size of the excluded volume is smaller in C 60 than in diamond corresponding to a larger effect of the electron-electron interactions.
IV. CONCLUSION
The results here obtained in C 60 , despite the intrinsic experimental difficulties and the limited information available from literature, enabled a meaningful and consistent determination of the exchange-correlation energy, which was found to be larger in fullerene than in diamond. This result indicates that the stability of fullerene is largely brought about by the exchange-correlation term of the electron interaction and, for a complete description of the ground-state energy of this system, the measurement of the electron-density distribution, although made complex by the presence of the orientational disorder, is mandatory. We remark that for a complete picture of the energy diagram of the carbon allotropes, that is, ground state and cohesive energy versus structure and coordination, the measurement of the static structure factor in graphite and carbon nanotubes should be carried out.
A clear indication came out from the present data about the validity extent of the LDA treatment of the electron correlations. Indeed, the LDA inadequacy in providing a reliable description of the pair-correlation function, that is a manyelectron ground-state property, is apparent here. Therefore, despite the fact that LDA is widely proven to be a meaningful and properly working approximation for ground-state properties of slowly varying density systems, a scheme beyond-LDA is necessary to model the electron density in fullerene, which is notably varying from the center and along the radius of the fullerene. Moreover, the failure of the LDA in reproducing the pair-correlation function in fullerene could be linked up to the highly correlated electron nature of this system. This suggestion couples with the recognized drawback of the LDA in reproducing the one-electron band structure and the excited states in C 60 . In literature, evidence of the LDA approach failing to properly describe the electron-energy states and excitation spectra in highly correlated systems are reported. In the specific case of fullerenes, numerous investigations on electron states and electronic structure have been carried out 22 and a recent review of the experimental results obtained by electron spectroscopy techniques is given in Ref. 23 , together with a discussion on the importance of these techniques in the understanding of the electron interactions. We mention that time-dependent density-functional calculations have been used to interpret the photoexcitation spectrum in C 60 ions. 20 As a final remark we observe that the present results suggest that the existence of the different carbon allotropes is intimately related to the exchange-correlation energy dependence on the valence-electron density. This dependence seems to be confirmed by the results of a quantum-diffusion Monte Carlo calculation 24 on the binding energies for different isomers of carbon clusters with variable size.
